In order to explore the pore characterizations in shales during organic matter evolution, a series of simulation experiments were conducted. The artificial hydrous pyrolysis was conducted on the same seven columned oil-shale samples at 250 °C, 300 °C, 350 °C, 375 °C, 400 °C, 450 °C and 500 °C, respectively. To obtain the characteristics of pore structures in shales, the unheated and the residual solid samples were analyzed by low-pressure nitrogen adsorption method. Based on the nitrogen adsorption isotherms, fractal dimensions were calculated by the model of Frenkel-Halsey-Hill, which also contained the fractal dimension of D 1 and D 2 before and after the relative pressure P/Po = 0.5, respectively. And then the relationships of simulation temperatures (thermal maturity), total-, macro-, meso-and micro-pores volumes, specific surface areas and diameters to fractal dimensions were investigated. The results showed that the average value of D 2 (2.6110) was higher than D 1 (2.4147) and there was a positive relationship between them (R 2 = 0.9237), which indicated that though D 2 and D 1 were more related to pore structures and surfaces, the better linear relationships suggested that both of them could be used in the representation of pore structures and surfaces in shales. With the thermal maturity increasing, the obvious fractal characteristics were, the complexity of pore structures were, which may be associated with the following cause-and-effect relationships. During the pyrolysis, the generation of hydrocarbons increased, as well as the consumption of TOC may increase the volume and surface area of total-, macro-, meso-and micro-pores but decrease the corresponding average diameter and then the quantities of smaller pores occurred and led to the strengthening of pore heterogeneity in shales. Based on the fractal characteristics, we also found the higher thermal maturity would result in the better connections among pores but worse permeability in shale, which further increased the gas adsorption quantity. Therefore, analyzing the fractal characteristics in shales could provide help for clarifying the characteristics of reservoirs as well as the comprehensive exploration and development of shale gas.
Introduction
With the development of shale gas in the world, the studies about shale reservoirs had also become an important part (Dejam et al. 2014 (Dejam et al. , 2017 (Dejam et al. , 2018a Zhang et al. 2018; Dejam 2019; He et al. 2019; Wei et al. 2019) . Nanopore was an important reservoir space and seepage passage to shale gas Qiu et al. 2019) , and the corresponding pore structures had important influence on the storage, migration and occurrence of shale gas. Thus, the porosity could be seen as the indicator on the evaluation of shale reservoir hydrocarbon-generating potential and quality and played a significant role on researching the properties of shale reservoirs (Curtis et al. 2012; Loucks et al. 2012; Romero-Sarmiento et al. 2013) . By the classification from IUPAC (International Union of Pure and Applied Chemistry) (Sing et al. 1985) , the pores could be divided into micro-, meso-and macro-pores with the diameter of 0-2 nm, 2-50 nm and > 50 nm, respectively. The researches about pore structures in shale reservoirs had been studied by the 1 3 means of actual geological conditions, and the thermal simulation experiments (Hou et al. 2014; Chalmers and Bustin 2007; Zhao et al. 2010; Mastalerz et al. 2012; Tiwari et al. 2013) were proved that the pores were affected by the OM (organic matter) evolution. Therefore, during the procedure of thermal evolution, the micro-, meso-and macro-pores would present a corresponding changing, as well as the pore size, geometry, volume, structure and connectivity (Fig. 1) .
Fractal geometry was a new branch of mathematics which developed in the late 1970s to describe the irregular forms and random phenomena of things (Mandelbrot 1982) . Fractal was a generic term for irregular structures and configurations with self-similarity, which was featured by the similarity between the part and the whole in a certain way. And the corresponding parameters that quantitatively described the research objects with self-similarity were called fractal dimensions (Zhang et al. 1998 ). The researches showed that fractal dimension could be used to characterize the complexity and heterogeneity of solid surface and pores, which already had been applied to quantitatively characterize the complexity of pore structure in coal petrography (Yao et al. 2008 (Yao et al. , 2009 Ma et al. 2012; Wang et al. 2012 ). Compared to coal reservoirs, the pore structures developed in shale were more complex as well as the stronger heterogeneity of reservoir. Moreover, the complex pore network in shale was difficult to be evaluated by some experimental test parameters. But the quantitative characterization of the heterogeneity of pore structure would be helpful to further understand the adsorption storage capacity of shale gas. Therefore, fractal theory was an important method to study the pore structure and quantitatively represent the heterogeneity of shale (Cai et al. 2013; Yang et al. 2014a, b; Bu et al. 2015; Wang et al. 2015) . And the past research revealed that fractal dimensions, taken as the quantitative research method on the complexity and heterogeneity of pore structures in shales, had been used to evaluate the pore surface roughness (Bu et al. 2015; Wang et al. 2015; Yao et al. 2008; Cai et al. 2013; Liu et al. 2014; Yang et al. 2014a, b) . By the analysis of fractal characteristics, the pore distribution and complexity of pore structures as well as the grain composition of reservoir rock could be gained. And the methods, such as small-angle neutron scattering (SANS), mercury injection capillary pressure (MICP), small-angle X-ray scattering (SAXS), the transmission electron microscopy (TEM) image analysis and gas adsorption (Chaput et al. 1990; Craievich et al. 1988; Liang et al. 2015; Liu et al. 2015; Lours et al. 1988; Pyun and Rhee 2004; Hu et al. 2013) , had been seen as the basic theory to calculate fractal dimensions. Of which, based on the gas adsorption method, the fractal dimensions were usually calculated by the method of the Brunauer-Emmett-Teller (BET) surface area analysis and Frenkel-Halsey-Hill (FHH) theory (Bu et al. 2015) . With fractal theory, previous researchers had already revealed a lot of research achievements to apply to the reservoirs. Such as, some scholars pointed that the higher CH 4 adsorption quantity of coals was proved by the more irregular coal surface and more homogeneous pore structure (Yao et al. 2008; Zhang et al. 2014) . By the analysis on the relationship among the fractal characteristics, geochemistry parameters and pore structures of shales, one pointed that fractal dimension was positive to the corresponding TOC, pore volume and specific surface area and so forth. In addition, they also found that the effect of micro-pores to fractal dimension was bigger than the meso-and macro-ones (Yang et al. 2014a, b) . In further, some scholars also discovered that when the max throat radius and average pore radius were bigger, the corresponding fractal dimension was more lower. Thus, the smooth pore surface would produce smaller resistance to hinder the flow of fluid in the reservoirs, which would result in the reduction in heterogeneity in shales.
However, the studies about the fractal characteristics of shales during OM evolution were fewer. Therefore, the fractal characteristics of the nanopores in shales during thermal evolution should be investigated. Thus, we would carry out this research from the following aspects. First, the samples were from the hydrous pyrolysis experiments and they could be seen as the "original samples" at different thermal evolution levels. Second, the calculation of fractal dimensions is based on the nitrogen adsorption isotherm of solid residues from pyrolysis experiments and the FHH model, in which the pore size distribution and fractal characteristics of shales would be gained. Third, the results would be discussed among pores structures, OM evolution and fractal parameters.
In further, the influence factors of fractal dimension would be explored, which was expected to provide help for 
Methods

Samples and pyrolysis experiments
The purpose of this paper was to discuss the fractal characteristics during OM evolution, so the samples were used in pyrolysis experiments. The block sample was collected from Chang 7 Yanchang Formation, Triassic, Ordos Basin, Western China. The oil-shale sample had the following characteristics; TOC was 13.75%; HI (hydrocarbon index) was 483.49 mg/g TOC; OI (oxygen index) was 0.95 mg/g TOC; T-max was 451 °C; the type of kerogen was Type I-II; and the thermal maturity was early mature to mature. As the experimental procedures used in this article had also been described in detail previously (Sun et al. 2015) , the sample information, experiment principle, experimental procedure, experimental results, pyrolysis products yields and pore structures characteristics were available in the previous reference (Sun et al. 2015) . Then, these experimental procedures were listed and summarized briefly below.
The block sample was drilled into columned samples (length: 4-5 cm; diameter: 2.5 cm) prepared for pyrolysis. The instrument of WYMN-3 HTHP (high temperature high pressure) was used in the pyrolysis experiments, and the corresponding experimental procedure was listed below: (1) There were 7 temperatures: 250 °C, 300 °C, 350 °C, 375 °C, 400 °C, 450 °C and 500 °C points were conducted in this series of experiments. (2) Experimental time will take 2 h to rise from the room temperature to the target temperature and then hold at the target temperature for 48 h. (3) The other experimental conditions, such as lithostatic pressure and hydrodynamic pressure, were all same in the 7 experiments.
Calculation of the fractal dimension
ASAP 2020 HD88 surface area analyzer was used to analyze the extracted solid residues (Sun et al. 2015) , and then we could gain the low-pressure nitrogen adsorption isotherms data. Based on these data, we could calculate the parameters of the fractal dimensions.
The FHH model was used in this research, and the calculation equation of FHH model could be described as below (Ahmad et al. 2006) :
where V and Vo are the volume of the sorbed gas at equilibrium pressure and monolayer coverage [cm 3 /g, standard temperature and pressure (STP)], respectively; K is the
constant; Po and P are the pressure of gas saturation and balance pressure (Pa), respectively; D is the fractal dimension value. Equation (1) could be converted into the log-log terms, which is: in which lnV was positive to ln(ln(Po/P)). Thus, when we plot the straight line of lnV − ln(ln(Po/P)), the slope (K, which was represented by linear coefficient) should be equal to the coefficient of (D − 3), so we could calculate the fractal dimension of D by the following equation:
which was only one of the calculation equation, and another was D = 3K + 3 (Avnir and Jaroniec 1989), but the formula of D = K + 3 was used in our research.
Results and discussion
Pore fractal dimension
We could get the value of D based on the known K and Eq. (3) ( Fig. 2 and Table 1 ). For the higher R 2 (determination coefficients) occurred in the fractal fitting equation, there were fractal characteristics in these samples. As previous studies showed that the value of D was generally ranged from 2 to 3 Yao et al. 2008; Yang et al. 2014b ) and the rougher of materials surface areas were, the higher D was within this range. Thus, if the value of D was bigger and closer to 3, the heterogeneity was stronger in shale.
However, as there were different curves of adsorption and desorption occurred at about P/Po = 0.5 (Sun et al. 2015) , we could divided the curves into two parts. When P/Po = 0-0.5, the curves of adsorption and desorption were practical unanimity and then the hysteresis loops often occurred after P/ Po = 0.5 (Bu et al. 2015; Wang et al. 2015; Yao et al. 2008 ). Thus, we would also get two fractal dimensions before and after P/Po = 0.5, which were the fractal dimension D 1 (P/ Po = 0-0.5) and D 2 (P/Po = 0.5-1), respectively. Both of the R 2 in the segment of before and after P/Po = 0.5 were > 0.9, which proved the feasibility based on the FHH model to analyze the pore structures in these pyrolysis samples. In addition, the different fractal characteristics occurred at these two segments were also found (Pyun and Rhee 2004) . On one aspect, the quantity adsorbed gas was higher before P/Po = 0.5 than the after ones, which inferred to the bigger pores in the former segment. On the other aspect, the value of D 2 ranged from 2.5146 to 2.7355 with the average value of 2.6110, which was higher than D 1 (2.2434-2.7174, average value was 2.4147). Thus, we could gain the conclusion that the smaller pores were more homogeneous than 300, 350, 375, 400, 450 and 500 represent the different simulation tem-perature samples. Fitting equations of y, y 1 and y 2 correspond to the fractal dimensions of D (P/Po: 0-1), D 1 (P/Po: 0-0.5) and D 2 (P/Po: 0.5-1), respectively the bigger ones. Meanwhile, the formers also found the different isotherms occurred before and after P/Po = 0.5. When the P/Po < 0.5, Van der Waals forces controlled the gas-solid interface and the forming of hysteresis loop was associated with the meso-pore structures, which was defined as monolayer adsorption region and characterized by micropores filling (Yao et al. 2008; Pyun and Rhee 2004; Khalili et al. 2000) . When the P/Po > 0.5, capillary condensations dominated the liquid-gas interface, which was defined as multilayer adsorption region and characterized with bottleshaped meso-, macro-pores filling (Pyun and Rhee 2004; Khalili et al. 2000; Qi et al. 2002; Sing 2004) . Hence, when P/Po < 0.5, D 1 was mainly controlled by the action of Van der Waals forces and represented the surface fractal dimension. When P/Po > 0.5, D 2 was mainly dominated by the action of capillary condensation and represented the pore structure fractal dimensions. D 1 was positive to D 2 in this study (Table 1 and Fig. 3 ), which was different from the previous research (Yao et al. 2008) . So that D 1 and D 2 may all represent both the pore surfaces and structures characterizations of these pyrolysis samples. As the positive correlation lied in D 1 -D 2 , D-D 1 and D-D 2 with the determination coefficients of 0.9237, 0.9928 and 0.9392, respectively ( Fig. 3) , D was more associated with D 1 . So, in the following parts, we would only discuss the correlations of D 1 and D 2 with the other influence factors.
Response of the fractal dimension to temperature
From Table 1 and Fig. 4 , without the point of original samples, there was a better linear relationship between simulation temperature and fractal dimension (D 1 and D 2 ) with the R 2 of 0.8898 and 0.8956, respectively. But R 2 were decreased to 0.8028 and 0.6545 when the original point was added. Namely, from 250 °C to 500 °C, D 1 and D 2 all presented an increasing tendency, but decreased from the unheated sample to 250 °C. So, when the original sample was heated, its surface turned more smoothly and mainly affected D 2 . Actually, in Table 1 , D 2 of unheated sample (D 2 -unheated) was higher than that at 250 °C, 300 °C and 350 °C points. While before 350 °C, which was exactly the stage before "oil-generating window" and the yields of expelled oil were lower (Sun et al. 2015) . So the following interpretations may be gained: (1) in the lower thermal stage, the forming of hydrocarbons promoted the pore connectivity and decreased the roughness of shales; (2) the preferential generation of resin and asphaltene may block the more complicated "branch" pores and vacate the "main" pores, which may reduce the complexity of pore structures and the corresponding fractal dimensions.
However, with the simulation temperature increasing, TOC was reduced and the corresponding pore volumes were increased, which resulted in the increase in fractal dimensions. Namely, the generation of hydrocarbons increased the complexity degree of oil shales during the process of pyrolysis. The complexity of pore structures in shale reservoir was depended on its physical properties, especially for the features of porosity and permeability. Total pore volumes could be seen as the important indicator to porosity. The changing characteristic features of the pore volume and specific area to the increasing simulation temperature were studied in the previous article (Sun et al. 2015) , and the positive correlations between them were obtained. So, the thermal maturity could affect the generation and expelling of hydrocarbons, as well as the fractal dimensions. In details, the simulation temperature affected the hydrocarbons generated and TOC consumed, which then increased the pore volumes and specific surface areas but decreased the average diameter, next followed by the increasing quantities of pores, and finally resulted in the increase in fractal dimensions. Therefore, the simulation temperature would increase the values of fractal dimensions directly. Then, conversely, based on the numerical magnitude of fractal dimensions values, the thermal maturity also could be indicated during OM evolution.
Response of the fractal dimension to pore structure
Relationships between pore volumes and fractal dimension
In Fig. 5a , from 250 to 500 °C, D 1 and D 2 all increased with the pore volumes. As the strongly positive correlations occurred between D 1 , D 2 and total pore volumes with the R 2 of 0.9072 and 0.9551, respectively. So the development of pores would result in the increase in pore fractal dimension. And the better developed pores, the bigger of fractal dimension as well as the more strong heterogeneity of pores in shales during thermal evolution. But the results were better than the studies before , which showed that the pore volume only had some influences on fractal dimensions. Actually, the samples pyrolyzed in this article were columns at different simulation temperatures from the same original sample, but the 21 different lacustrine shale core samples were obtained from the actual geologic profiles in that research . Therefore, the different types of samples were the one reason, and another may be affected by different thermal evolution stages.
The relationships of micro-, meso-and marco-pores with fractal dimensions are also shown in Fig. 5b-d . The R 2 of D 2 were all higher than D 1 , though both of them all reached above 0.84. This phenomenon indicated the increasing micro-, meso-and marco-pores would all influence the roughness of pores as well as prove that D 2 was more significantly related to the pore structure characteristics (Bu et al. 2015; Yao et al. 2008) . And as the previous research pointed, pore volume almost had no correlation with D 1 and D 2 in the different actual geological samples (Bu et al. 2015) , which was also different from our studies in this article. Therefore, we could gain the conclusion that the increased pore volume during OM evolution could result in the increase in fractal dimensions.
Relationships between pore surface areas and fractal dimension
The correlation between fractal dimension and specific surface areas is illustrated in Fig. 6 . The better relationships occurred between fractal dimensions and total-, micro-, meso-, macro-pores indicated that the increasing surface areas would also result in the more rough surfaces of pores in pyrolysis samples. Thus, the micro-, meso-and macropores could all affect the values of D 1 and D 2 and also further lead to the more complexity of pore structures. In general, in a given pore volume, there was a negative linear relationship between pore diameter and specific surface area (Chalmers and Bustin 2008) . Therefore, if the pore volume was constant, the increased surface area would be resulted in the decrease in pore diameter, which may prove that the smaller pores were more related to the fractal dimensions Relationships between fractal dimensions and pore specific surface areas in pyrolyzed oil shales than the bigger ones. In terms to the values of D 1 and D 2 , the R 2 in D 1 were all smaller than D 2 , so D 2 were more suitable to describe the pore structure properties in these pyrolyzed samples (Bu et al. 2015; Yao et al. 2008) .
Relationships between pore diameters and fractal dimension
In Fig. 7a , fractal dimensions increased with the decreasing total average diameters of total pores, which presented that the effects of smaller pores on the complexity of pores were greater than the larger ones. The average diameters of macro-and meso-pores had a negative correlation with fractal dimensions, and the correlation was better in the meso-pores than the macro-pores. Thus, we could consider that the smaller pores were more related to the heterogeneity of pore structures than the larger ones. The correlations of determination values of D 1 were higher than D 2 , which were in consistent with the results in total pore volumes and specific surface areas. So it could also prove the stronger representations of D 2 to pore structures than D 1 .
Then, diameters of micro-pores presented a good linear relativity with fractal dimension, though the coefficients of determination were only about 0.6 and not well higher enough. The average diameters of micro-pores were almost not changed from 250 to 500 °C. But as the fractal dimensions increased, this may be caused by the increasing quantities of micro-pores.
Relationships among pore volumes, surface areas and average diameters to fractal dimension
Combining the above three parts together, with the total pore volumes and specific surface areas increased, the fractal characteristics of pores were more obvious. But the opposite situations occurred for the bigger pore diameters. As what we had studied that there were a certain number of macro-, meso-and micro-pores formed with the increasing simulation temperature from 250 to 500 °C, with the decrease in average meso-, macro-pores diameters and the almost invariable micro-pores diameters (Sun et al. 2015) . This meant that the formation of smaller pores increased the roughness of pores, but not only the effects of micro-pores during thermal evolution. Namely, not only the micro-pores could affect the fractal dimensions, but also the increased quantities of meso-and macro-pores. And in details, cause-and-effect relationships were listed in order from left to right, the later was caused by the former one. They were, the simulation temperature increased, the thermal maturity increased, the hydrocarbons expelled, the total pore volumes and surface areas increased, but the average diameters decreased, the quantities of pores increased, and the fractal dimensions of pores increased. Therefore, the immediate causes for the Fig. 7 Relationships between fractal dimensions and average pore diameters in pyrolyzed oil shales heterogeneity of oil shales were the increasing quantities of pores. Namely, the quantity irregular surfaces resulted in the higher fractal dimensions values, which increased the gas adsorption. This cognition could also be used in the results by previous researchers, who though that the main effects on fractal dimensions were the micro-pores but not the mesoand macro-pores (Bu et al. 2015; Wang et al. 2015; Yang et al. 2014b ). This phenomenon may be considered as the transforming from meso-, macro-pores to micro-pores and then resulting in the increased numbers of micro-pores.
Relationships between generated hydrocarbons and the fractal dimension
Pores could be seen as the reservoir space and migration pathway for the generated products. As the column source rocks samples with the original pore structures were used in these experiments, the pores characteristics with the increasing temperatures may also provide some evidences to the OM evolution. The same original column samples and other experiment conditions indicated that the major driving force of the hydrocarbons migration was the different hydrocarbon concentrations within and outside the source rock. Then, the size of accumulation space within the column samples would also affect the migration of hydrocarbons, and this may mainly be affected by the pore structures. While the temperature increased, the pore volumes, surface areas and pore dimensions values were also increased with the simulated temperatures, so the smaller pores and much rougher of the pore surface were. Thus, this feature may be compared by that two wide roads were rebuilt into many narrow roads. Therefore, in lower maturity, the generated hydrocarbons were smaller, and they could be expelled from the reaction systems without destroying the reformed pores. And the parts stored in the pores were fewer for the smaller adsorption capacity and less heterogeneity in shales. However, in higher maturity, the size of pores was deceased with the increasing surface areas and fractal dimension values. So the smaller pores would provide more chances for gas to be adsorbed and then result in the decreasing yields of gaseous hydrocarbons. Actually, in higher simulation temperature, the liquid, gaseous hydrocarbons as well as the added water were all in the form of gaseity, so they all could be adsorbed in the pores. And then after pyrolysis at room temperature, the parts of liquid hydrocarbons and water could be liquefied and then volatilized. Namely, the collected liquid and gaseous hydrocarbons were lower than the actual yields, which were more pronounced at higher maturity. And, at the same time, the heterogeneity in shales was much stronger at higher maturity. Therefore, on the one hand, the higher fractal dimension values may indicate that the higher gas adsorption, maturity and losing generated hydrocarbons. On the other hand, the lower yields of generated liquid hydrocarbons at higher maturity were both associated with secondary cracking of liquid hydrocarbons to gaseous ones and the larger adsorption in more porous and rougher shales.
Research significance of the fractal dimension
The discussions above were all about the effects of simulation temperature, pore structure, surface area and diameter on the fractal dimension. Then in contrary, if the values of fractal dimensions had been known, what features of thermal maturity, pore structures in shales could be gained? Fractal dimension, a numerical value, presented a visual indicator to the homogeneity of pores in shales. The higher fractal dimension indicated the smaller pore diameters and higher pore quantities; thus, the corresponding adsorbed capacity of CH 4 would also increase, because in a given volume, there was a negative linear relationship between surface area and diameter. And as the diameter decreased, the corresponding surface areas increased, which offered more contact areas for adsorbed gas. This may be the first reason and significance, which was consistent with the former studies (Yang et al. 2014a, b) . Then, on the other hand, we had pointed out that there may be a better connection in pores at higher thermal evolution stage than the lower part (Sun et al. 2015) , which was followed by the higher pore volumes and expelled hydrocarbons. Thus, when combined this result with fractal dimensions together, the conclusion that a better connection in pores may increase the heterogeneity of pores in shales could be gained. But this cognition was seemed to be against with the previous researches (Yang et al. 2014a, b) , who considered that there was a negative relationship between fractal dimension and permeability. This phenomenon may be related to the more micro-pores contained in shales than the macro-pores. In addition, based on the results of decreased average diameters of macro-, meso-pores and the increased quantities of macro-, meso-and micro-pores, we may speculate that the diameters of pore throats also decreased, but their volumes and surface areas increased. Thus, there was a possibility that the connections among them may be much better, but the decrease in pore and pore-throat diameters may result in the lower permeability of pores in shales. Therefore, the higher fractal dimensions values may also indicate the smaller diameter of pore throat and the lower permeability in shales, but increased the adsorption quantity of gas.
Based on the values of fractal dimensions, the size and distribution characteristics of pores could be represented as well as the reservoir heterogeneity in shales. Then, as fractal dimensions values could also indicate the higher gas adsorption and maturity, the expelled yields of liquid and gaseous hydrocarbons may also be affected to decrease in higher maturity and the adsorption gas was prior to preserve in shale gas reservoirs. Therefore, the researches on fractal characteristics were important to the understandings of shales, which played a critical role on the properties of shale reservoirs.
Conclusions
Based on the nitrogen adsorption measurement about the oil shales residues from hydrous pyrolysis at 250 °C, 300 °C, 350 °C, 375 °C, 400 °C, 450 °C and 500 °C points, FHH model was used to calculate the fractal dimensions; the conclusions were listed as below:
(1) The higher fractal dimension value of D 2 (from 2.5146 to 2.7355, with an average value of 2.6110, and the range of corresponding P/Po was 0.5-1) than D 1 (from 2.2434 to 2.7174, with an average value of 2.4147, and the range of corresponding P/Po was 0-0.5) at every temperature point indicated that the heterogeneity of larger pores was stronger than the smaller ones.
(2) D 1 was seen as the better indicator in representing the features of pore surfaces, but the pore structures characteristics for D 2 . The better positive linear relationship between them suggested that both D 1 and D 2 could represent the properties of pore surfaces and structures in oil shales during OM evolution. (3) The fractal dimensions decreased when the original sample was heated. D 2 was higher than the point before 350 °C, which exactly was the thermal stage of "oil-generating window." Thus, the lower generated hydrocarbons and (or) blocked pores by the preferential generation of resin and asphaltene may decrease the roughness of pores in shales. (4) The simulation temperature, total-, micro-, meso-, macro-pores volumes and specific surface areas were all present a positive correlation to fractal dimensions. The average diameters of total-, meso-and macropores were negative to fractal dimensions. Thus, the increased thermal maturity, pore volume and surface areas, as well as the decreased pore diameters resulted in the increase in fractal dimensions in oil shales. And there may be a cause-and-effect relationship among them; the thermal maturity affected the OM evolution, which results in the expelling of hydrocarbons and the consuming of OM, then further resulted in increase in pore volume and surface area but decrease in pore diameter, and next resulted in the increasing quantities of smaller pores, and finally increased the fractal dimensions in oil shales. In addition, in contrast, based on the fractal characteristics, the information about thermal maturity and pore structures may also be gained.
(5) Not only micro-pores affected the fractal dimensions, but also the changing of bigger pores to smaller ones during OM evolution. 6) The higher fractal dimensions occurred in shales during thermal evolution stages; the smaller the diameter of pore throat, the lower the permeability in shales would be. But the corresponding adsorption quantities of gases would be increased.
